The Echo Lake intrusion in the Upper Peninsula (UP) of Michigan, USA, was formed during the 1.1 Ga Midcontinent Rift event in North America. Troctolite is the predominant rock unit in the intrusion, with interlayered bands of peridotite, mafic pegmatitic rock, olivine gabbro, magnetite-bearing gabbro, and anorthosite. Exploratory drilling has revealed a platinum group element (PGE)-enriched zone within a 45 m thick magnetite-ilmenite-bearing olivine gabbro unit with grades up to 1.2 g/t Pt + Pd and 0.3 wt. % Cu. Fine, disseminated grains of sulfide minerals such as pyrrhotite and chalcopyrite occur in the mineralized interval. Formation of Cu-PGE-rich sulfide minerals might have been caused by sulfide melt saturation in a crystallizing magma, which was triggered by a sudden decrease in f O 2 upon the crystallization and separation of titaniferous magnetite. This PGE-enriched zone is comparable to other well-known reef-like PGE deposits, such as the Sonju Lake deposit in northern Minnesota. , and olivine gabbro. The sulfide ore grades are up to 6.11 wt. % Ni and 4.15 wt. % Cu, and up to 25 ppm Pt in Cu-rich stringers [13] . The Tamarack intrusion emplaced during the early stages of the MCR at 1105.6 ± 1.2 Ma [14] is located about 80 km west of the Duluth Complex in Minnesota and it is associated with the Carlton County dike swarm [15] . The funnel-shaped intrusion is composed of peridotite, plagioclase-bearing peridotite, plagioclase-bearing pyroxenite, melanocratic troctolite, and melanocratic gabbro [16] . Massive, semi-massive, and disseminated sulfide-bearing intervals have been identified from drill-core studies with reported drill-intersections of up to 166 m with 2.33 wt. % Ni, 1.24 wt. % Cu, and 0.75 g/t Pt + Pd + Au [16] .
Introduction
Magmatism during the 1.1 Ga old Midcontinent Rift (MCR) event is associated with the origin of several metallic mineral deposits in the Great Lakes region of North America [1] [2] [3] [4] [5] . These mineral deposits have been classified into two groups: sulfide-poor, PGE (Platinum Group Element)-rich, layered intrusions and sulfide-rich, conduit-type, high-grade Ni-Cu sulfide deposits ( Figure 1) [6, 7] .
In the first group, several mafic-ultramafic intrusive bodies of the Duluth Complex in northern Minnesota have been identified and studied [3, 8, 9] , which include the Partridge River and South Kawishiwi intrusions, emplaced between 1098 and 1107 Ma [10] . These intrusions are known for basal troctolitic units which host disseminated Cu-Ni-PGE sulfide deposits with ore grades in the following ranges: 0.5-0.7 g/t Pt + Pd + Au; 0.09-0.24 wt. % Ni; 0.27-0.66 wt. % Cu [9] . The Sonju Lake intrusion in the Beaver Bay Complex in northeastern Minnesota shows a PGE-rich interval hosted in an oxide-gabbro unit with precious metallic grades up to Pd: 410 ppb; Pt: 275 ppb and Au: 1.08 ppm [11, 12] .
The Eagle intrusion, in the Upper Peninsula (UP) of Michigan and the Tamarack intrusion in northeastern Minnesota are the two most important members of the second group. The Eagle Ni-Cu sulfide deposit is hosted within two mafic-ultramafic intrusive bodies, called the Eagle and the Eagle East intrusions, which are associated with the Baraga dike swarm in Marquette County, Michigan [13] . The U-Pb baddeleyite age of the Eagle intrusion is 1107.2 ± 5.7 Ma [13] . The massive, semi-massive, and disseminated sulfide ore deposits in both intrusions are hosted in plagioclase-bearing peridotite, Figure 1 . Magmatic ore deposits associated with the Midcontinent Rift around Lake Superior. The red box shows the location and extent of the exploration prospect zone called the Voyageur Lands [6, 7] .
Sonju Lake Figure 1 . Magmatic ore deposits associated with the Midcontinent Rift around Lake Superior. The red box shows the location and extent of the exploration prospect zone called the Voyageur Lands [6, 7] .
This study is focused on the newly discovered Echo Lake intrusion, located in the Houghton and Ontonagon counties in UP Michigan (Figures 1 and 2) [17] . Exploratory drilling has identified this intrusion as a new prospect for sulfide mineralization in the Midcontinent Rift region [18] . The basement rock in the area of the intrusion is an Archean granite-gneiss [19] , which is overlain by the Paleoproterozoic Michigamme Formation [20] . The latter consists of meta-greywacke, slate, metamorphosed mafic volcanics, and iron formations. The 1110 Ma Mesoproterozoic Siemens Creek Volcanics unit [1] unconformably overlies the Michigamme Formation. The Neoproterozoic Jacobsville Formation [21] overlies both the Siemens Creek Volcanics unit and the Michigamme Formation. The uppermost layer of the Echo Lake intrusion has been encountered by drill-cores at about 200 m underneath the Jacobsville Formation, and it is estimated to extend laterally for about 18 square kilometers [18] . The complete thickness of this intrusion is unknown at this stage, but a continuous succession of mafic-ultramafic rocks for more than 1 km has been reported. Being located between the Keweenaw and the Marenisco regional faults [17] , the Echo Lake intrusion might have been uplifted from greater depths by displacements along these two faults. Apart from Echo Lake, there are several other small outcrops of mafic-ultramafic bodies in the area, such as the Bluff, Haystack, and Skinny intrusions ( Figure 2 ) [22] , which are mostly composed of gabbro, gabbronorite, and pyroxenite. The ages and mutual relationships of these intrusions are unknown. The Echo Lake intrusion has been dated at 1111 Ma [23] , which makes it contemporaneous with the Early Rift-forming phase of the MCR. Troctolite is the predominant rock in the intrusion, but recurrent layers of peridotite, mafic pegmatitic rock, olivine-and magnetite-bearing gabbro, and anorthosite have also been documented. This is comparable with the rhythmic layering reported from the Duluth Complex and other layered mafic-ultramafic complexes around the world, such as the Bushveld in South Africa [24] and Stillwater, in Montana, USA [25, 26] . Our aims in the present study are to examine the PGE-enriched zone in the Echo Lake intrusion. Petrological analysis, along with whole rock and mineral compositional data, were used to highlight key characteristics of the Echo Lake intrusion and to compare them with the known sulfide-mineralized intrusions in the MCR.
Methods
For this study, one hundred and seventy samples were collected from drill cores EL-1, EL-97-05, EL-97-03, and 10EL-001 in the core repositories of Altius Resources Inc. (St. John's, NL, Canada) and the Department of Environmental Quality, Michigan.
Electron microprobe analysis (EMPA) was performed at the Department of Geoscience, University of Wisconsin-Madison, USA, using a 5-spectrometer, CAMECA SX5 electron microprobe (CAMECA, Gennevilliers, France). The probe was operated at 15 kV with a beam Faraday cup current of 20 nA and beam size of two microns. Analytical standards are both natural and synthetic silicate minerals, glasses, and oxides. Counting times were 10 s on peak. Background intensities were determined by the mean atomic number background algorithm [27] .
Bulk rock chemical analyses were performed at Geoscience Laboratories in Sudbury, Ontario, Canada. Inductively Coupled Plasma Mass Spectrometer (ICP-MS) technique was used to analyze for Ni, Cu, PGE and Au. Sample analytes were prepared using fire-assay and closed vessel aciddigestion methods. The Echo Lake intrusion has been dated at 1111 Ma [23] , which makes it contemporaneous with the Early Rift-forming phase of the MCR. Troctolite is the predominant rock in the intrusion, but recurrent layers of peridotite, mafic pegmatitic rock, olivine-and magnetite-bearing gabbro, and anorthosite have also been documented. This is comparable with the rhythmic layering reported from the Duluth Complex and other layered mafic-ultramafic complexes around the world, such as the Bushveld in South Africa [24] and Stillwater, in Montana, USA [25, 26] . Our aims in the present study are to examine the PGE-enriched zone in the Echo Lake intrusion. Petrological analysis, along with whole rock and mineral compositional data, were used to highlight key characteristics of the Echo Lake intrusion and to compare them with the known sulfide-mineralized intrusions in the MCR.
Results
Troctolite and olivine gabbro are the two dominant rock types in the intrusion. Troctolite samples are typically composed of 60 vol. % plagioclase, 30 vol. % olivine, 5% vol. % pyroxene, minor Fe-Ti oxides, traces of biotite and sulfide minerals such as pyrrhotite, chalcopyrite, and pentlandite ( Figure 3A,B ). Olivine gabbro samples are typically composed of about 50% olivine, 30% plagioclase, 10-15% pyroxene, 5-10% Fe-Ti oxides, and traces of sulfide minerals. Sulfide minerals in troctolite and olivine gabbro samples are disseminated grains of pyrrhotite, chalcopyrite, and pentlandite which form mutual intergrowths with one another ( Figure 3B ). Traces of other sulfide minerals, like digenite and bornite, have also been found. Sulfide minerals often form thin rims around titaniferous magnetite and ilmenite crystals ( Figure 4C ). Titaniferous magnetite occurs as intergrowths with biotite ( Figure 4A ). Titaniferous magnetite also shows delicate intergrowths and reaction textures with sulfide minerals ( Figure 4B ,C). 
Troctolite and olivine gabbro are the two dominant rock types in the intrusion. Troctolite samples are typically composed of 60 vol. % plagioclase, 30 vol. % olivine, 5% vol. % pyroxene, minor Fe-Ti oxides, traces of biotite and sulfide minerals such as pyrrhotite, chalcopyrite, and pentlandite ( Figures 3A and 3B ). Olivine gabbro samples are typically composed of about 50% olivine, 30% plagioclase, 10-15% pyroxene, 5-10% Fe-Ti oxides, and traces of sulfide minerals. Sulfide minerals in troctolite and olivine gabbro samples are disseminated grains of pyrrhotite, chalcopyrite, and pentlandite which form mutual intergrowths with one another ( Figure 3B ). Traces of other sulfide minerals, like digenite and bornite, have also been found. Sulfide minerals often form thin rims around titaniferous magnetite and ilmenite crystals ( Figure 4C ). Titaniferous magnetite occurs as intergrowths with biotite ( Figure 4A ). Titaniferous magnetite also shows delicate intergrowths and reaction textures with sulfide minerals ( Figures 4B and 4C ). A stratigraphic sequence of the observed layered units in the Echo Lake intrusion, as revealed from drill core studies, is shown in Figures 5-7 . Notable PGE-enrichment is observed within a 45 m thick layer of Fe-Ti oxide rich olivine gabbro. Titaniferous magnetite and ilmenite are the principal oxide minerals. These minerals mostly constitute 10-25 vol. % of the oxide-rich olivine gabbro unit. However, in some parts, the oxide minerals form massive zones with fine interstitial grains of silicate minerals (Figure 4 ). At the Fe-Ti oxide-rich zone, there is an interval with disseminated grains of sulfide minerals. Peak concentrations of Pt and Pd of 550 ppb and 634 ppb, respectively, are measured in this interval at a depth of about 998 m [18] . Pt and Pd contents show positive correlation in all studied depths of the intrusion, although Pd shows a higher concentration in most intervals ( Figures  5 and 6 ). Stratigraphic variations of MgO, TiO2, Cr2O3, and FeO (total) in the layered sequences are shown in Figure 8 . Figure 8 .
The whole-rock major element compositions of the major rock-types are shown in Table 1 . Compositions of olivine, clinopyroxene, plagioclase, and titaniferous magnetite in the major rock types are shown in Tables 2-5. Olivine composition in the troctolite units of the Echo Lake intrusion shows a range between Fo 57-62 . Clinopyroxene in these rocks plot within the compositional range of augite (Table 3 ). Plagioclase compositions range between An (Table 4 ). The Cr 2 O 3 -content of titaniferous magnetite in most intervals is about 3 wt. % (Table 5) , although in some local intervals a Cr 2 O 3 content above 9 wt. % is seen. The TiO 2 -content in titaniferous magnetite in troctolite and olivine gabbro ranges between 7 and 10 wt. %, but in olivine-magnetite gabbro it ranges between 12 and 18 wt. %. The high TiO 2 -content in magnetite is indicative of the possible existence of fine exsolution lamellae of ulvöspinel. The whole-rock major element compositions of the major rock-types are shown in Table 1 . Compositions of olivine, clinopyroxene, plagioclase, and titaniferous magnetite in the major rock types are shown in Tables 2-5 . Olivine composition in the troctolite units of the Echo Lake intrusion shows a range between Fo57-62. Clinopyroxene in these rocks plot within the compositional range of augite (Table 3 ). Plagioclase compositions range between An55-75 ( Table 4 ). The Cr2O3-content of titaniferous magnetite in most intervals is about 3 wt. % (Table 5) , although in some local intervals a 
Discussion
In this section the PGE-enrichment reported from the Echo Lake intrusion is discussed with reference to the geochemical principles of sulfide-melt saturation in basaltic and picritic magmas. These discussions are then placed in the context of economic mineral deposits in igneous intrusive bodies associated with the Midcontinent Rift.
Sulfide-Melt Saturation in Basaltic and Picritic Magmas
Sulfur is an incompatible element during crystallization of silicate minerals, and thus it can remain dissolved in magma until a late stage of crystallization. Sulfur concentration in magma can increase by mechanisms such as fractional crystallization and the assimilation of sulfur from external sources [28] [29] [30] [31] . Upon the attainment of sulfide liquid saturation, an immiscible sulfide liquid is formed from the magma, which sequesters chalcophile elements such as Cu, Ni, and PGE. For most S-rich Ni-Cu deposits, such as Eagle [32] and Tamarack [33] , incorporation of external sulfur is regarded as an essential requirement to attain sulfide liquid saturation [31] . However, for sulfur-poor PGE deposits, such as the Partridge River and South Kawishiwi intrusions in the Duluth Complex, prolonged fractional crystallization of magma has been proposed as an effective mechanism to induce sulfide liquid saturation [5, 31] .
Sulfide liquid saturation is also strongly influenced by f O 2 [34, 35] and the solubility of sulfur in the magma can be inversely correlated with the Fe 2+ content. Prolonged fractional crystallization in a closed system is one mechanism for increasing the f O 2 of the magma. Early fractionations of anhydrous minerals such as olivine, plagioclase, and pyroxene in a closed system can increase the mole fraction of dissolved H 2 O in the magma [36] . In an open system, H 2 O-content of the magma can be increased by assimilation of hydrous country rocks [37, 38] . These factors can cause higher oxygen availability, and thus cause higher f O 2 in the magma [31, [39] [40] [41] [42] . As proposed by Ripley and Li [31] , a rise in f O 2 , caused by an increase in the H 2 O-content of the magma changes the oxidation state of Fe from Fe 2+ to Fe 3+ , based on the reaction:
This reaction causes a decrease in the effective Fe 2+ content and thereby increases the solubility of sulfur [34] . Therefore, the formation of Fe 2 O 3 during magmatic crystallization is indicative of high ambient f O 2 . However, continued fractional separation of Fe 2 O 3 from the magma eventually increases the relative concentration of FeO and decreases the solubility of sulfur. Sulfide liquid saturation can then be attained.
Sulfur content at sulfide saturation (SCSS) is the amount of sulfur at the time of attainment of sulfide liquid saturation in the magma [31, 43] . During crystallization, the lowering of temperature decreases the solubility of sulfur and thereby lowers the value of SCSS. However, as explained above, an increase in f O 2 of the magma, as indicated by an increase in the Fe 2 O 3 content of the crystallized minerals, can increase the SCSS substantially [44] [45] [46] [47] , and thereby prevent sulfide liquid saturation.
Conversely, a decrease in SCSS, caused by a sudden drop in f O 2 , can induce sulfide liquid saturation and consequently can cause the separation of tiny droplets of sulfide liquid from the magma. In this case, the determinative factor for sulfide liquid separation could be the crystallization of large quantities of oxide phases, such as titaniferous magnetite and ilmenite from the magma. The separation by fractional crystallization of Fe 3+ and Ti-oxide phases from the magma can thus reduce the SCSS, cause sulfide liquid saturation, and a rapid separation of sulfide liquid from the magma. As proposed by O'Neill and Mavrogenes [46] , the excess sulfur displaces O 2− anions that bond with Fe 2+ and forms a Fe-rich immiscible sulfide liquid as seen in the reaction:
Layered and Conduit-Type Intrusions Associated with the MCR
In the MCR-related layered intrusions of northern Minnesota, PGE mineralization is hosted within sulfide-bearing horizons in troctolitic and gabbroic rocks [3, 9, 48] . In the Sonju Lake intrusion, PGE and Au mineralization has been reported from an Fe-Ti oxide rich gabbro unit [11] . Sulfide liquid saturation was reached after~60% crystallization of magma by slow cooling in a closed system [8] , possibly triggered by events of devolatilization and decompression.
Cu and PGE are mostly incompatible during crystallization of silicate minerals and thus, the concentrations of these metals increased in the differentiated liquid of a closed system. When the immiscible sulfide liquid formed upon sulfide liquid saturation, Cu, Pt, and Pd partitioned into the sulfide liquid and upon crystallization, the sulfide liquid formed disseminated Cu-Pt-Pd rich grains in the oxide-rich gabbro layer [11] . In the Partridge River and South Kawishiwi intrusions, disseminated sulfide mineralizations of Cu and PGE are found within sheet like units of gabbro and troctolite, which were formed by fractional crystallizations of high-Al olivine tholeiitic (HOAT) parental magmas [5, 31, 49] .
This mineralization-type is in striking contrast with the high-grade Ni, Cu-rich but PGE-poor, sulfide-rich deposits of the Eagle and Tamarack intrusions [13, 16] . These deposits have been classified as conduit-type sulfide deposits, where the mineralization occurred during continuous upward movements of magmatic pulses from mantle source-rocks. Supply of external sulfur was critical to the formation of the high-grade, massive, semi-massive, and disseminated mineralizations observed in these intrusions [5] . During magmatic uplift, mineral fractionation was accompanied by crustal contamination and the sulfide liquid saturation of magma was caused by selective assimilation of sulfur-rich Paleoproterozoic meta-sedimentary country rocks the of Michigamme Formation and Upper Thomson Formation for the Eagle deposit and Tamarack deposit, respectively [32, 33] . Sulfur-contribution from deeper Neoarchean granite-greenstone rocks has also been proposed by the above authors. The overall funnel-shaped cross-sections, as determined by drill-core studies of both intrusions, provide additional evidence for the proposed dynamic conduit-system models. Metallic upgrading, caused by the interaction of accumulated sulfide liquid in the magma conduit, with continuous upheaval of large volumes of metal-enriched magma [50, 51] , might also have contributed to the high ore-grades of these deposits. Crystallization modeling on high-FeO picritic basalt parental magmas for the Eagle [32] and Tamarack [33] deposits indicate that the magmas attained sulfide liquid saturation at about 17% crystallization [31] . Separation of sulfide liquid from magma early in the crystallization sequence caused the sulfide liquid to be Ni-rich. In contrast, in the case of late sulfide liquid saturation, the magma is considerably depleted in Ni by the fractional separation of olivine [52] .
Implications from Echo Lake Intrusion
The Echo Lake intrusion is primarily composed of a layered sequence of troctolite, olivine gabbro, and peridotite ( Figure 5 ). The occurrence of a Cu-PGE rich disseminated sulfide horizon in close association with a zone rich in Fe-Ti oxide hosted within olivine gabbro ( Figures 5-7) , poses a remarkable similarity not only with the Sonju Lake intrusion [8, 11] in the MCR, but also with several other layered igneous complexes around the world, such as the Skaergaard Complex [39] , southeastern Greenland, the Stella layered intrusion, South Africa [40] , the Muskox intrusion, Nunavut, Canada [53] , and the Kivakka layered intrusion, Russia [54] . PGE-sulfide deposits in these group of intrusions have been classified as "Skaergaard-type" deposits [53] .
The variations of chemical proxies such as MgO, TiO 2 , Cr 2 O 3 , and FeO (total) are shown in Figure 8 . Strong positive correlations between Pt, Pd, and Cu enrichment in the layered intervals with high TiO 2 -and Cr 2 O 3 -contents can clearly be observed. These are indicators of the peak concentrations of ilmenite and Ti-and Cr-rich magnetite (Table 4 ) in the mineralized intervals. Since the layered succession is primarily composed of olivine-rich rocks, there is no specific connection between the MgO content and the contents of PGE and Cu. The same is true for FeO (total), and postcumulus titaniferous magnetite is common in several horizons in the layered succession (Figures 3 and 4) .
The lithological succession of the Echo Lake intrusion is similar to tholeiitic layered intrusions such as the Skaergaard Complex. The mechanism of PGE-enrichment in the Echo Lake intrusion is consistent with the attainment of sulfide-melt saturation in a high-Al olivine tholeiite (HAOT) magma by fractional crystallization in a closed system [5, 8] . The HAOT magmatic composition has been reported from the South Kawishiwi intrusion of the Duluth Complex [55] . [32, 33] .
As proposed by Ripley and Li [31] , the HAOT magmas could form by fractional crystallization of a more primitive magma, such as a picritic basalt. This implies that the parental magma of the Echo Lake intrusion could potentially be a differentiated liquid from a more primitive magma. This clearly establishes a connection between the open system conduit-type magmatism and the closed system staging-chamber type magmatism associated with the Midcontinent Rift. This is consistent with the proposition that the predominant magma during early magmatism of the Midcontinent Rift was a low-Al, high-FeO picrite, while in the later stages, a well differentiated HAOT magma became prevalent [56] . Peridotites and olivine gabbros reported from the Eagle and Tamarack intrusions show more Mg-rich olivine compositions in the range of Fo 75-85 [13] and Fo 82-89 [16] , respectively. However, at the Echo Lake intrusion, in troctolite, olivine gabbro, and magnetite-bearing olivine gabbro, the compositional range of olivine is Fo [57] [58] [59] [60] [61] [62] (Table 2 ). For plagioclase, the compositional range is An (Table 4 ). These compositions indicate a well-differentiated nature of the parental magma for the Echo Lake intrusion, similar to that reported for the Sonju Lake intrusion [8, 11, 56] . It is possible that at deeper undiscovered levels of the Echo Lake intrusion, there are peridotite layers with more primitive olivine and plagioclase compositions representative of early crystallization from an undifferentiated magma. An alternating layered succession of this type with dunite, peridotite, and pyroxenite have been reported from intrusions such as the Pados-Tundra ultramafic complex in Kola Peninsula, Russia [57] .
Owing to the highly incompatible nature of PGE in silicate minerals, the concentrations of these metals in the magma increases by progressive fractional crystallization in a closed system. However, in an open system, the periodic influx of new magma could reduce the concentration of PGE in the mixed magma. Moreover, in an open system, crustal assimilation and mixing with siliceous magmas could potentially induce sulfide-melt saturation. This could lead to the separation of small batches of immiscible sulfide liquid, which could severely deplete the PGE content of the magma.
However, if sulfide-melt saturation is eventually reached at an advanced stage of magmatic crystallization by the consequent lowering of SCSS [31] , PGE can accumulate within the immiscible sulfide liquid. Owing to the increased concentration of PGE in the evolved magma, the separated sulfide liquid, although small in volume, would be extremely enriched in PGE.
Combining all the available evidence from the layered lithological succession, variation trends of chemical constituents, and the localized abundances of chalcophile elements at the Echo Lake intrusion, and comparing these observations with the known reef-type PGE mineralizations in layered intrusions of MCR and around the world, the following mechanism of mineralization can be argued for the Echo Lake deposit. A HAOT-type magma [58] began crystallizing olivine, plagioclase, and relatively small quantities of pyroxene. The early crystallized olivine (Fo 62 ) and plagioclase (An 74 ) formed a cumulus mosaic texture with small grains of clinopyroxene in fine interstitial spaces. This caused the large observed volumetric abundances of troctolite and anorthosite in the layered sequence. Early crystallization of plagioclase enriched the magma in FeO. Crystallizations of olivine (Fo 57-62 ) and small proportions of augite lowered the FeO content slightly. Overall, the FeO-content of the magma increased steadily with fractional crystallization. This was accompanied by a progressive rise of H 2 O and f O 2 in the magma. At an advanced stage in magmatic differentiation, a threshold point was reached, when the magma became super-saturated in FeO and this led to the crystallization of titaniferous magnetite, accompanied by ilmenite and chromite. Rapid precipitation of large quantities of oxide minerals created local zones of sulfide-melt saturation and the formation of disseminated Cu, PGE-enriched sulfide minerals. The highest concentrations of Cu and PGE are hosted within a Fe-Ti oxide rich layer of gabbro with disseminated sulfide minerals, between depths of 990 and 1010 m. It is possible that this mineralized interval was emplaced within the stratigraphic sequence by an H 2 O-rich magmatic pulse mobilized from a separate part of the magma chamber.
The heightened abundances of oxide minerals are obvious indicators of high f O 2 , which separated Fe as Fe 3+ and thereby suddenly lowered the effective concentration of FeO in the melt. This caused localized zones of sulfide liquid saturation and the formation of tiny droplets of immiscible sulfide liquid. These immiscible droplets formed in isolated pockets, sequestered the chalcophile elements such as Pd, Pt, and Cu from the surrounding melt, and eventually crystallized to form the disseminated sulfide mineralized horizon. Isolated and small occurrences of delicate titaniferous magnetite-sulfide intergrowths and thin sulfide rims around larger titaniferous magnetite grain-boundaries ( Figure 4 ) imply close relationships between the crystallizations of titaniferous magnetite and sulfide minerals like chalcopyrite. Local occurrences of biotite-titaniferous magnetite intergrowths ( Figure 4 ) provide evidence of pockets of intercumulus melt enriched in H 2 O.
In the complete layered interval, the concentration peaks for Pt and Pd overlap with each other, but the peak for Cu does not ( Figures 5-7) .This stratigraphic offset of concentration peaks has been reported from other layered-type sulfide deposits, such as the Sonju Lake intrusion [12] , Skaergaard Complex [39] , and the Bushveld Complex [59] , and has been explained by differences in liquid/silicate partitioning coefficients for chalcophile metals, or by the fractionation of sulfide melt during compaction of layered successions of cumulates [40] . The low abundance of Ni in this mineralized sulfide interval can be explained by the depletion of Ni in the magma, caused by the large fractionation of olivine early in the crystallization history.
Discovery of the PGE-Cu enriched mineralized zone in the Echo Lake intrusion is significant for many reasons. This deposit shares several important characteristics with the layered PGE-rich units of the Duluth and Beaver Bay complexes, as inferred in this study. Although the reported observations in this study are based on a limited dataset generated from preliminary exploratory studies, the implications of these findings are profound and are indicative of potential reef-type PGE-mineralizations in layered mafic-ultramafic sequences in other parts of the Midcontinent Rift region, apart from the well-known layered intrusions in northern Minnesota.
